Abstract-The nonlinear relationship between the electrical input signal and electrostatic force acting on the capacitive micromachined ultrasonic transducer (CMUT) membrane limits its harmonic imaging performance. Several input shaping methods were proposed to compensate for the nonlinearity originating from the electrostatic force's dependence on the square of the applied voltage. Here, we analyze harmonic generation in CMUTs with a time-domain model. The model explains the basis of the input shaping methods and suggests that the nonlinearity resulting from gap dependence of the electrostatic force is also significant. It also suggests that the harmonic distortion in the output pressure can be eliminated by subharmonic ac-only excitation of the CMUT in addition to scaling the input voltage with the instantaneous gap. This gap feedback configuration can be approximated by the simple addition of a series impedance to the CMUT capacitance. We analyze several types of series impedance feedback topologies for gap feedback linearization. We show that for subharmonic ac excitation, although resistive and capacitive impedances result in a trade-off between input voltage and harmonic distortion for a desired pressure output, harmonic generation can be suppressed while increasing the Pa/V transmit sensitivity for proper series inductance and resistance feedback. We experimentally demonstrate the feedback method by reducing harmonic generation by 10 dB for the same output pressure at the fundamental frequency by using a simple series resistor feedback with a CMUT operating at a center frequency of 3 MHz. The proposed methods also allow for utilization of the full CMUT gap for transmit operation and, hence, should be useful in high-intensity ultrasonic applications in addition to harmonic imaging.
I. Introduction n onlinear harmonic imaging is a recent imaging technique which offers advantages over conventional ultrasound imaging methods. Using the harmonic content in the received echo signals, selective nonlinear images of contrast agents and tissue can be constructed. Harmonic imaging uses narrowband pulses at the fundamental frequency, f 0 , during transmit and the harmonic content within the received echo signals for image reconstruction. several methods were proposed to enhance the harmonic information from the received echoes by modifying the transmit signals [1] , [2] . Ultrasound images are reconstructed using 2f 0 , or higher order harmonic content of the echo signals, because this offers higher lateral and contrast resolution, with lower side and grating lobes compared with conventional imaging which utilizes the fundamental frequency f 0 . Moreover, because the nonlinear waves originate within the field of view, aberration artifacts are reduced because there is only one-way propagation rather than two-way propagation, as in conventional imaging [3] .
capacitive micromachined ultrasonic transducers (cMUTs) offer distinct advantages as an alternative to piezoelectric transducers in terms of bandwidth, cost, ease of fabrication, and integration with electronics. The wider bandwidth of the transducer allows for the use of the same element as a transmitter at fundamental frequency f 0 and as a receiver for higher harmonics. However, cMUTs are nonlinear transducers because the electrostatic force applied to the transducer membrane is a nonlinear function of the input voltage and the instantaneous gap between the electrodes driving the transducer. This nonlinear dependence of the electrostatic force results in collapse phenomenon [4] and distortion of the transmitted ultrasound wave. This cMUT nonlinearity is disadvantageous for harmonic imaging, because the harmonic content of the transmitted signal contributes to the harmonic content in the received signal.
several input shaping methods have been proposed to reduce the harmonic content in the transmitted signal of cMUTs for harmonic imaging [5] [6] [7] . These methods address the voltage square dependence of the electrostatic force as the source of nonlinearity by modifying the electrical input signal. novell et al. proposed a method of applying additional signals at f 0 for linear cancellation or 3f 0 for nonlinear cancellation of the second harmonic component of the transmitted signal [5] .
In this study, we show that the addition of a series impedance to the cMUT reduces the total harmonic distortion of the transmitted signal by shaping the input signal applied to the cMUT via instantaneous gap feedback. We first analyzed the nonlinear dynamic behavior of a cMUT using a nonlinear 1-d model of the transducer, which we implemented in simulink (The MathWorks Inc., natick, Ma). Then, different gap feedback topologies were investigated using the model. The cases with a series capacitor, a series resistor, and a series resistor-inductor pair were simulated and results are compared with each other. The relationship between our proposed method and input shaping methods presented in [5] the linearization method was implemented experimentally using a cMUT, and results are presented in which a 10-dB reduction in the second harmonic component is achieved with a simple resistor feedback element.
II. nonlinear 1-d cMUT Model
We modeled a circular membrane cMUT using a 1-d parallel plate capacitor and a circular piston in an infinite rigid baffle. The model is presented in Fig. 1 , where V(t) is the acting voltage on the transducer, i(t) is the input current, m and k are the mass and the stiffness of the piston, respectively, and g 0 is the initial gap. F Es (t) and F l (t) are total electrostatic and fluid loading acting on the piston, respectively, x(t) is the displacement of the piston, and a is the radius of the piston. The governing differential equations that couple the mechanical and electrical domains are:
where C(t) = (ε 0 πa 2 )/g(t) is the instantaneous capacitance, ε 0 is the permittivity of free space, and g(t) = g 0 − x(t) is the instantaneous gap of the transducer [8] . defining the Fourier transform of displacement as x( ), ω the inverse Fourier transform operator as ℑ −1 , such that
and the radiation impedance as Z R ( ), ω the electrostatic and fluid loading can be expressed as [4] 
For a circular piston, the radiation impedance Z R ( ) ω is given as
Here, J 1 is the first-order Bessel function, H 1 is the struve function, ρ 0 is the density of the immersion medium, and c is speed of sound in the medium [9] . differential equations (1) and (2) are solved using simulink to simulate average generated surface pressure, p(t), for an arbitrary input signal, V(t), where
Piston stiffness, k, is calculated via finite element analysis using comsol (comsol Inc., Burlington, Ma) by applying a uniform pressure, P, over the circular membrane as
where x mean is the average displacement of the membrane. Piston mass, m, is then calculated as
Here, f 0 is the first resonance frequency of the membrane in vacuum and is calculated via eigenfrequency analysis in comsol [10] . In the scope of this work, it is assumed that only the first mode of the membrane is excited when an electrical input signal is applied, and the cMUT membrane is operated in the non-collapsed regime. other sources of nonlinearity, such as inelastic behavior of materials under large deformations, are not taken into account. The simulink model which simulates the transient cMUT behavior for an arbitrary input signal is presented in Fig. 2 , where the output of the system is the generated average surface pressure, p(t). In the model, the radiation impedance block, Z R ( ), ω is implemented using an arbitrary finite impulse response filter, which has the frequency response expressed in (5) . output pressure, p(t), is then post processed for harmonic analysis.
a cMUT with a center frequency of 27 MHz and 3-dB fractional bandwidth of 55% was designed with the dimensions and material properties listed in Table I as an example for nonlinear harmonic analysis simulations. The surface pressure on the transducer surface was simulated for a 120 V input pulse with a 3-ns pulse width and 120 V dc bias. The response of the transducer is presented in time and frequency domains in Fig. 3 . This transducer is then used in simulations to investigate the nonlinearity in the case of harmonic imaging with f 0 = 20 MHz, fundamental transmit, and 2f 0 = 40 MHz, harmonic receive operation. 
III. nonlinearity analysis
Eqs. (1)- (3) show that the nonlinear behavior of the cMUT is due to the dependency of the electrostatic force on the electrical input signal and instantaneous gap, such that
Usually the cMUT is directly driven with a voltage V(t) that includes dc and ac components, i.e., V(t) = V dc + V ac cos(ωt). The square of this signal, given in (10), has a second harmonic content. 
This nonlinearity resulting from the voltage square dependence can be compensated by exciting the transducer with an input signal with frequency f 0 /2 without dc bias, where f 0 is the desired fundamental operation frequency. setting V dc = 0 V and ω = 2πf 0 /2, (10) yields
so that the electrostatic force only has a dc component in addition to a sinusoidal component at the desired frequency, f 0 .
To have a better understanding of the harmonic generation for different drive schemes, the model is simulated for different stable V dc and V ac combinations. In one case, the membrane is excited at the fundamental frequency, f 0 = 20 MHz, and the ac signal is enveloped with a Gaussian curve with a full-width at half-maximum (FWHM) of 1 μs. The f 0 component and the ratio of 20 to 40 MHz components (harmonic ratio or Hr) of the generated surface pressure for the given input signal are presented in Fig. 4 . In the other case, the cMUT is driven by a subharmonic signal with no dc bias, i.e., V(t) = V ac E(t) cos (2πtf 0 /2), where E(t) is the same Gaussian envelope.
In Fig. 4 , it is observed that same output pressure can be achieved at fundamental frequency with different V dc -V ac combinations, resulting in different harmonic component amplitudes. In [6] , it was mentioned that harmonic generation is a function of V dc and V ac such that
Through nonlinear harmonic analysis, the relationship in (12) pressure component at 20 MHz is plotted as a function of the excitation signal amplitude in Fig. 5 for V ac values which do not collapse the parallel plate. In this case, the same pressure, ~460 kPa, is achieved with V ac = 160 V with a harmonic ratio of 13 dB, which shows no improvement over the conventional 20 MHz excitation with V dc = 115 V, V ac = 35 V. This observation suggests that subharmonic excitation of the transducer does not compensate for the nonlinear distortion by itself, and the nonlinearity of the transducer is mainly caused by the inverse gap dependence of the electrostatic force.
IV. Gap Feedback linearization according to (3) , (1) and (2) can be linearized if the input voltage signal is scaled with the instantaneous gap, together with f 0 /2 excitation without dc bias. substituting the voltage acting on the transducer αV s (t)g(t), where α is a constant and V s (t) is the source voltage, yields
so the nonlinear behavior resulting from gap dependence is compensated via nonlinear gap feedback [11] . The remaining nonlinear term V s (t) 2 can be handled by exciting the transducer at half the operating frequency as explained in section III. The nonlinear feedback topology is presented with the block diagram in Fig. 6 . The cMUT subsystem in the diagram is simply the model shown in Fig. 2 , where V(t) is the voltage acting on the transducer, p(t) is the pressure output, and g(t) is the instantaneous gap, which is the feedback signal. It is interesting to note that with f 0 /2 excitation, nonlinear gap feedback generates a 3f 0 /2 component by distorting the input signal. The effect can be seen in Fig. 7 , where a 150-V peak , 10-MHz, 1-μs FWHM Gaussian enveloped tone burst is applied to the transducer with gap feedback and no dc bias. It is shown that, from the frequency-domain perspective, the nonlinear interaction of f 0 /2 and 3f 0 /2 components in the distorted input signal generate 2 components at f 0 and 2f 0 as a result of the nonlinear behavior of the transducer. The generated f 0 component cancels the second harmonic generation because the electrostatic force is a function of the voltage squared. This observation suggests that the nonlinear compensation approach presented by novell et al. [5] is indeed an attempt to implement gap feedback. Hence, the need for complex input signals and fine calibration of the added third-harmonic signal in that approach can be avoided. In essence, the proposed gap feedback method inherently implements charge control of the transducer, because in this case the charge on the cMUT capacitance is linearly proportional to the input voltage, V s (t):
where α is the feedback gain. If the transducer is controlled with a charge driver instead of a voltage source, the electrostatic force acting on the cMUT membrane does not depend on the instantaneous gap either [12] . However, charge control implementations in literature are limited to static operation, strictly dependent on the parasitic capacitances in the system and require complex charge driving circuitry [13] . a simple way of scaling the input voltage with instantaneous gap can be realized through the addition of a series, passive electronic component to the cMUT driving circuit as shown in Fig. 8 . With the addition of the series impedance, the voltage acting on the transducer becomes 
with harmonic excitation voltage V s (t) = V s e jωt . If Z s is a function of g(t) such that the denominator of (15) is constant,
where K is a constant, the gap feedback can be implemented exactly. If | jωZ s ε 0 πa 2 | ≫ g(t), the voltage acting on the cMUT can be approximated by
so that the input voltage is scaled with the instantaneous gap.
A. Capacitive Feedback
In an effort to extend the actuation range of parallelplate electrostatic actuators, it was shown that a series capacitor extends the stable region of the cMUT in static operation through gap feedback [12] . With Z s = 1/jωC s for harmonic excitation, the circuit in Fig. 8 is a nonlinear voltage divider because the cMUT capacitance, C(t), is a nonlinear function of the voltage across the transducer, where the voltage across the cMUT is
as the input source voltage increases, the instantaneous cMUT gap tends to decrease, and this results in a decrease in V(t). This negative feedback effect reduces the nonlinearity and thus stabilizes the transducer for a larger displacement range of the cMUT membrane. However, higher excitation voltages are required as a trade-off for the same membrane displacement because of the voltage division nature of the circuit [12] . The series capacitance value relative to the instantaneous cMUT capacitance determines the voltage division ratio and, hence, the harmonic generation. The approximation of (18) can be written in this case as 
To simulate the system with series impedances, the simulink model is modified to include the passive electrical elements as shown in Figs. 9, 10, and 11 for different feedback topologies. In the top part of Fig. 12 , the simulated voltage across the transducer, normalized to the input voltage, is plotted as a function of instantaneous normalized gap. as expected, the relationship between V(t) and g(t) is more linear for smaller values of C s compared with the initial cMUT capacitance. The bottom graph of Fig.  12 shows that for the same output pressure at the fundamental frequency, one improves the harmonic ratio with feedback. With decreasing C s values, harmonic ratio improves at the expense of increased V s . For the designed transducer, 10 dB reduction in 2f 0 component is achieved with C s = (ε 0 πa 2 )/g 0 by doubling the excitation voltage to generate the same pressure output at f 0 = 20 MHz (the dotted curve). If the series feedback capacitor is designed such that its capacitance changes with cMUT membrane motion, satisfying the relation
then the gap feedback can be implemented ideally because the denominator of (18) is constant. This indicates the possibility of an electromechanical device to be used as a variable feedback capacitor to approximate the gap scaling of the input voltage more accurately than the fixed series capacitor case. This observation is worth mentioning; however, the variable series capacitor approach is beyond the scope of this paper.
B. Resistive Feedback
With a resistor used as the feedback component, Z s = R s , the circuit in Fig. 8 is a nonlinear first-order low-pass filter where the output is V(t). similar to the capacitive feedback case, the magnitude of the voltage across the transducer becomes linearized as a function of cMUT gap as the feedback resistor becomes larger. comparing Fig. 12 and Fig. 13 , for the same fundamental and second harmonic pressure amplitudes, the required feedback resistor value can be calculated using the corresponding series capacitance value for the same input signal V s (t), such that R s = |1/( jωC s )| where ω is the excitation frequency. Because the circuit acts as a low-pass filter, the required feedback resistor value is inversely proportional to the excitation frequency for the same harmonic reduction. This is because (15) is a function of frequency for Z s = R s . In contrast, capacitive feedback is not dependent on frequency, for which nonlinearity is only dependent on the relative value of the feedback capacitor compared with the cMUT capacitance.
C. RL Feedback
The capacitive nature of the cMUT in the electrical domain can be exploited by connecting a series resistor and a series inductor to the transducer. The resulting circuit becomes a nonlinear second-order low-pass filter, and the resonant behavior of the resulting electrical circuit can be used to linearize (1) and (2) without the need for increased excitation voltage. a similar method involving a series tuning inductor to stabilize parallel-plate actuators was presented in [14] . With the addition of a series resistor-inductor pair, the differential equation governing the electrical domain of the transducer becomes
where the voltage across the transducer generating electrostatic force is 
V t C t i t
With harmonic excitation signal V s (t), the nonlinear transfer function between V s (t) and V(t) becomes
Here, the damping ratio and the resonance frequency of the filter are
( 24) one must carefully select the series resistor and inductor values such that the relationship between V(t) and g(t) is linearized for g(t) in the range from 0 to g 0 . as presented in the top graph of Fig. 14 , if the series inductor is chosen so that the resonance frequency of the circuit is higher than the excitation frequency (indicated by the solid line) the voltage acting on the transducer decreases with increasing gap for most of the range, which is the opposite of the desired operation. This results in more nonlinear behavior of the transducer, because the harmonic distortion of the transmitted pressure signal increases for the same excitation signal whereas the fundamental component remains unchanged. For the other cases in Fig. 14 , where ω 0 < ω and ω is the excitation frequency, desired feedback is satisfied for most of the gap range. With that approach, the gap-cMUT voltage relationship can be optimized for harmonic distortion and excitation signal amplitude for a given output pressure at the fundamental frequency. The corresponding simulation results in the bottom graph of Fig. 14 show that by using proper RL feedback, the second harmonic component of the generated pressure can be decreased by more than 20 dB without increasing the excitation signal. Moreover, because of the resonant behavior of the circuit, higher output pressure and lower harmonic distortion are achievable for a given excitation signal depending on the damping coefficient of the filter. 
V. discussion of simulation results
Because the collapse phenomenon is related to the nonlinearity of the transducer, feedback linearization and charge control extends the stable displacement region of the cMUT. This has been shown for static operation in [11] [12] [13] . Here, it is essentially shown that similar techniques can be applied for dynamic operation with different feedback schemes. For example, Fig. 15 plots the output pressure at the fundamental frequency as a function of ac voltage amplitude for one of the L-R feedback cases. In comparison to Fig. 5 , which plots the result for the nofeedback case, it is seen that not only is the relationship between the excitation signal and pressure output at f 0 linearized with gap feedback, but it is possible to increase the transmit sensitivity and the maximum pressure at the fundamental frequency of the transducer.
note that with any of the series impedance methods, the second-harmonic levels can be reduced to more than 25 dB below the fundamental for a broadband device, making it suitable for harmonic imaging. This is achieved with either reasonably higher voltages in R and C feedback, or with reduced voltage levels with LR feedback, which may be more difficult to implement in large arrays. Because the stable region of the transducer is extended with gap feedback linearization, the maximum pressure generated at the desired frequency can be increased without collapsing the membrane. Thus, linearization of the cMUT can be useful for high-intensity applications like HIFU. The LR feedback case may be more feasible for HIFU arrays with small channel counts.
The method is also evaluated for broadband excitation waveforms which are typically used in harmonic imaging. The model is simulated for conventional operation with a 2-cycle 20-MHz input signal, subharmonic excitation with and without resistive feedback. note that for subharmonic excitation cases, the input signal is a 1-cycle 10-MHz tone burst to achieve similar bandwidth around 20 MHz. simulation results for generated surface pressure are presented in Fig. 16 in the frequency and time domains. conventional and subharmonic-only excitations result in highly distorted pressure waveforms. With resistive feedback, ~10 dB reduction in the second harmonic is achieved, where higher-order harmonics are also suppressed more effectively. The results show that the gap feedback method can be applied to broadband imaging signals as well as narrowband inputs.
an important aspect of the proposed method is that it does not require any changes in the mechanical cMUT design to limit the frequency bandwidth. For applications like harmonic imaging, the gap feedback circuit will be used only for transmission with reduced harmonics so that the bandwidth in receive mode is not affected. Because cMUT design is independent from the linearization method, any generic cMUT can be linearized with the gap feedback method. a possible implementation of the proposed method in array format would be based on the dual-electrode cMUT structure presented by Guldiken et al. in [15] where the transmit and receive electrodes embedded in the transducer membrane are electrically isolated. With the dualelectrode structure, the same element can be used for har- monic imaging by utilizing gap feedback in the transmit path with subharmonic excitation and with no dc bias without any detrimental effect on the separately biased receiver electrode and receiver electronics, or the receiver bandwidth.
VI. Experimental results
We conducted initial experiments to demonstrate our method. We chose a cMUT with low collapse voltage and low center frequency for these experiments so that our driver amplifier was linear at its output up to the collapse voltage of the cMUT where the response gets highly nonlinear. This ensured that we could explore the whole range of voltage values and the major source of nonlinearity in the measurement was the cMUT behavior, as desired. Therefore, we fabricated a cMUT with center frequency of 3 MHz, 133% (1 to 5 MHz) effective fractional bandwidth, and a static collapse voltage of 24 V. Fig. 17 shows the measured pulse echo response of the cMUT and its spectrum when excited with a short pulse. a pair of these transducers is used in a pitch-catch configuration for harmonic distortion measurements. The receiver is biased to 22 V, close to collapse, for high receive sensitivity. Fig. 18 shows the received pressure spectrum when the transmitting cMUT is excited by a 24-V peak , 1.5-MHz, 15-cycle toneburst for the case without feedback, i.e., direct connection to the amplifier. note that the excitation is large signal ac at half the desired frequency of 3 MHz with no dc bias. In this case, the harmonic signal at 6 MHz is 15 dB below the desired 3 MHz output. For gap feedback operation, the series resistor approach was used for simplicity. First, the capacitance of the transducer is measured with a network analyzer; it is approximately 120 pF and an appropriate resistor, 1 kΩ in this case, is connected in series with the amplifier. This sets up a low-pass filter with a cut-off frequency of 1.5 MHz. With this configuration, where only the transmitter input circuitry is changed, the same output pressure at 3 MHz is received with a 40 V peak ac signal at 1.5 MHz, but the harmonic component at 6 MHz is reduced more than 10 dB as shown by dashed lines in Fig. 18 . This simple experiment effectively demonstrates that a simple gap feedback implementation significantly reduces the harmonic generation of a broadband cMUT with a moderate increase in the applied ac signal level.
VII. conclusion a simple 1-d transient model is used to understand the nonlinear behavior of cMUTs. It is shown that subharmonic excitation of cMUTs without dc bias is of limited use for harmonic distortion reduction for high excitation voltage amplitudes. We investigated and compared different gap feedback schemes to reduce harmonic distortion of the cMUT membrane motion and investigated the relationship of our proposed method with linearization methods in the literature. as a summary, the series feedback capacitor improves the harmonic ratio where the operation of the resulting circuit is independent of the frequency and the maximum pressure that can be generated at the fundamental frequency without collapsing the cMUT membrane is increased at the expense of input voltage. It is shown that series resistance utilizing resistive feedback improves the harmonic ratio where the resulting circuit is a first-order low-pass filter. The maximum pressure that can be generated, with a trade-off of increased input voltage amplitude similar to the capacitive feedback case, is also improved. a series resistor-inductor pair results in second-order filter response. With appropriately selected values in this topology, one may achieve the same pressure at the fundamental frequency with lower input voltage. as with other feedback configurations, one can also increase the maximum output pressure at the fundamental frequency. The simulations also suggest that the method can be used for the broadband excitation signals used for imaging applications. Initial experiments we conducted sup- port the findings. approximately 10 dB improvement in the harmonic ratio is achieved over subharmonic ac-only excitation by adding a simple series resistor to a cMUT and increasing the input voltage level, while keeping the magnitude of the fundamental component of the transmit pressure the same.
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